Introduction {#s1}
============

Silver nanoparticles (AgNPs) have gained momentum due to their use in imaging, catalysis, electronics, photonics, and photography (Evanoff and Chumanov, [@B15]; Dahl et al., [@B12]; Liang et al., [@B27]; Pastoriza-Santos and Liz-Marzán, [@B36]). In addition, medical devices and therapeutic products containing AgNPs also offer health benefits, such as antibacterial, antiviral, and antifungal properties. Because of such properties, AgNPs are of the focus of precautions and regulations related to public health and environmental risks (Faunce and Watal, [@B17]). In the USA there are more than 260 commercialized products containing AgNPs, such as cleaners, clothing, and personal care products (Faunce and Watal, [@B17]). Silver itself is known to be highly toxic in cells, but AgNP toxicity still has been target of studies. AgNPs can form protein-silver complexes, which according to *in vitro* studies, can be deposited in the liver, kidney, lungs, brain, and/or skin, as they are highly toxic to mammalian liver cells, stem cells, and brain cells (Hussain et al., [@B21]; Landsdown, [@B24]).

The US National Institute for Occupational Safety and Healthy (NIOSH) has established an exposure limit of 0.01 mg/m^3^ for all forms of silver (Drake and Hazelwood, [@B14]). In 2010, nanosilver was considered one of the 15 issues that can negatively affect the conservation of biological diversity (Sutherlandm et al., [@B44]). The experts are concern about the wide use of nanosilver, not mainly because of the direct poisoning in humans or production of bacterial resistance in hospital setting, but due to their highly *in vitro* toxicity for aquatic organisms and capability to persist in the environment. Silver and its forms can be release in the environment into waste streams, such as from photographic development, which has been the major source of ecological toxicity (Luoma, [@B30]).

Toxicological studies of Ag nanoparticles with different diameters, 36, 52, and 66 nm have been reported in freshwater environments through the use of *Daphnia magna*. It was found that within the concentration range of 3--4 μ g/L, toxicity is not size-dependent (Li et al., [@B26]). Comparative studies of gold and AgNPs reveal that the silver ones are the most toxic (Hussain et al., [@B21]). Regarding AgNP synthesis, the most common and straightforward approach is based on reductive methods, using sodium borohydrate, sodium citrate, or irradiation (Lee and Meisel, [@B25]; Chau et al., [@B7]). To avoid particle aggregation, this is often done in the presence of additives such as organic molecules, peptides (Lodeiro et al., [@B29]; Oliveira et al., [@B35],[@B36]), or polymers. Usually metal nanoparticles do not present fluorescence emission, due to the electron transfer from the AgNP metal core to the additive.

On the other hand in some cases, the presence of other types of additives in the surrounding AgNPs enhances their photophysical properties, such as luminescence (Tam et al., [@B45]). Research into fluorescent nanoparticles has thus, increased steadily in the last few years, because fluorescence can be traced *in vivo* and *in vitro* (Alivisatos, [@B2]). AgNPs exhibit an intensive surface plasmon resonance (SPR) band, due to the collective oscillation of the electrons, in the wavelength range of 300--900 nm (Díez et al., [@B13]). The localization of the SPR band depends on several parameters, such as, size, shape and the refractive index of the environment (Si et al., [@B43]; Belser et al., [@B3]).

Maretti et al. (Maretti et al., [@B32]) published a new easy method based on the photochemical synthesis of fluorescent AgNPs, which can be used in imaging applications. In Maretti\'s method, the AgNPs were stabilized by cyclohexylamine, and the metal is reduced by ketyl radicals.

For "Proof of Concept" of the study viability in a complex organism and in cell cultures, AgNP permeation and toxicity were carried out *in vivo* in gold fish (*Carassius auratus*), whilst cytotoxicological studies were performed *in vitro* in human hepatoma cells. AgNPs were synthetized with a new easy and inexpensive method, which was developed by varying Maretti\'s method (Maretti et al., [@B32]), using **(1)** 5-Aminoisoquinoline, **(2)** 7-amino-4-methylcoumarin, and **(3)** 2-Aminoanthracene as additives. AgNP formation was monitored by UV-Vis and fluorescence emission spectroscopy, matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS), dynamic light scattering (DLS), transmission electron microscopy (TEM), and high-resolution transmission electron microscopy (HRTEM).

Materials and methods {#s2}
=====================

Chemicals and starting materials
--------------------------------

5-Aminoisoquinoline, 7-amino-4-methylcoumarin, and 2-Aminoanthracene, 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methyl-propiophenone (I-2959) were commercially from Aldrich. Ag(CF~3~SO~3~) was from Fluka. All were used without further purification.

Physical measurements
---------------------

### Instruments

The samples were exposed to ultraviolet light at 365 nm, in a common UVA lamp, 230 V, 50 Hz, Serial n° MO31975, Ambientáls.

### Particles size distribution

The nanoparticle size distributions were measured using DLS, a Malvern Nano ZS instrument with a 633 nm laser diode.

### TEM measurements

To perform the TEM images, the samples were prepared by dropping 1 μL of the colloidal suspension onto a copper grid coated with a continuous carbon film and allowing the solvent to evaporate. TEM and HRTEM images were obtained using a JEOL JEM 2010F transmission electron microscope (TEM) operating at 200 kV. To perform the Fourier transformations, we used Digital Micrograph (Gatan) software. Data for size distribution histograms were obtained by measuring more than 100 particles per sample in several TEM images (Saìnchez-Iglesias et al., [@B41]).

### MALDI-TOF-MS studies

The MALDI-MS analyses were performed in a MALDI-TOF-TOF-MS model Ultraflex II Bruker, Germany, equipped with nitrogen. Each spectrum represents accumulations of 5 × 50 laser shots. The reflection mode was used. The ion source and flight tube pressure were less than 1.80 × 10^−7^ and 5.60 × 10^−8^ Torr, respectively. The MALDI mass spectra of the soluble samples (1 or 2 μ g/μ L) were recorded using the conventional sample preparation method for MALDI-MS. 1 μ L of ligand was placed on the sample holder. The sample holder was inserted in the ion source.

### Photophysical measurements

Absorption spectra were recorded on a JASCO V-650 spectrophotometer and fluorescence emission on a FLUOROMAX-4 HORIBA SCIENTIFIC spectrofluorometer.

### Synthesis of silver nanoparticles

In an quartz cell 1.02 × 10^−2^ M of I-2959, 3.4 × 10^−3^ M of Ag(CF~3~SO~3~), and 2.0 × 10^−4^ M of compounds **1**, **2**, or **3**, were added to a 3 mL of THF solution. The spectral changes were observed upon irradiation. Thereafter, the nanoparticles obtained were washed several times by centrifugation, in order to remove the unreacted products.

### Cell culture

Human hepatocellular carcinoma HepG2 cell line (ATCC HB-8065), derived from human hepatocytes, was maintained in a Minimum Essential Medium (MEM) alpha medium supplemented with 10% (v/v) heat inactivated fetal bovine serum (FBS) in a highly humidified atmosphere of 95% air with 5% C0~2~ at 37°C.

### Cytotoxicity of the AgNPs

*The cytotoxicity of* AgNPs (**1**, **2**, and **3**) was tested in human HepG2 cells. Cells were seeded into a 96-well plate at a cell density of 6.0 × 10^3^ cell/well and incubated for 24 h before AgNPs were added at a concentration of 25 and 100 μg/ml. The growth inhibitory effect was measured after 72 h treatment by the XTT assay (Cory et al., [@B11]; You et al., [@B48]). Aliquots of 20 μ l of XTT solution \[2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide\] were added to each well. After 3 h, the color formed was quantified by a spectophotometric plate reader (Perkin Elmer Victor^3^ V) at a 490 nm wavelength. Cell cytotoxicity was evaluated in terms of cell-growth inhibition in treated cultures and expressed as a % of the control conditions. Trypan Blue is one of the many dye recommended exclusion staining, counting and evaluation of cellular population and acute cellular toxicity (Wong et al., [@B47]) techniques. This method is based on the principle that the living cells do not incorporate the dye, whereas dead cells incorporate it owing to their damaged membrane. Cells treated with 100 μg/ml concentration of AgNPs for 72 h were rinsed with PBS, stained with 0.2% Trypan Blue (Invitrogen) for 5 min and observed by microscopy.

### CLSM in vivo imaging of AgNP-treated HepG2 cells

HepG2 cells were seeded at a density of about 2 × 10^5^ cells per plate on 14 mm glass bottom microwell dishes (MatTek, corp). After 24 h cells were treated with 25 and 100 μg/ml of AgNPs (**1**, **2**, and **3**) and incubated for 24 h. At the end of incubation, cells were washed three times with media and stained for 7 min with Hoechst (Invitrogen) and CellMask red (Invitrogen) at 37°C. Imaging was performed immediately at 37°C and 5% CO~2~ on a Leica TCS SP5 confocal microscope using a 63 × 1.4 numerical aperture Plan Apochromat oil-immersion lens. Acquired images were processed using Bitplane Imaris 7.2.1 software.

### Flow cytometry of AgNP-treated cells

The cellular uptake of AgNPs (**1**, **2**, and **3**) was carried out via flow cytometric measurements. To perform the experiments 3.0 × 10^5^ HepG2 cells per plate were seeded in 6-well plates (BD Falcon). After 24 h treatments with 25 and 100 μg/ml of AgNPs (**1**, **2**, and **3**), cells were collected and centrifuged. Cells were then rinsed and resuspended in 1 ml of PBS. Flow cytometry analysis was performed with FACSCalibur flow cytometry at an emission wavelength of 488 nm.

### In vivo studies

Goldfish (*Carassius auratus*) were obtained from local producers (*N* = 6 per treatment, average weight: 10.2 ± 3.4 g) and acclimated for 2 weeks to laboratory conditions in 400 L polystyrene. The fish were housed in a closed circuit system with filtered tap water at a temperature of 20 ± 1°C, pH 7.2 ± 0.2, and continuous aeration and fed daily with commercial feed flakes (TetraMin). Following synthesis, AgNps were injected in fish by an intraperitoneal injection to evaluate their ability of internalization in fish tissues. Thus, two assays (**A** and **B**) with a total of 24 animals were carried out. **A**---Intraperitoneal injection of AgNPs in PBS (1:10); **B**---Intraperitoneal injection of AgNPs diluted in corn oil (1:10). After injection, fish were maintained in 15 L polystyrene tanks, with de-chlorinated tap water, photoperiod 12:12 h light/dark (L/D and continuous aeration (dissolved O~2~ \> 6 mg/L). Control fish were housed in the same laboratory conditions but were injected intraperitoneally with (**a**) a solution of PBS (phosphate buffer solution), (**b**) a solution of PBS and THF (1:10); and (**c**) a solution of PBS and corn oil (1:10). After 48 h fish, including controls, were sacrificed by cervical sectioning and dissected with the aid of scissors, a scalpel and forceps, and the liver and intestine removed. Samples from organs were stored at −80°C for further analysis and other subsamples were taken for histological processing.

Total Glutathione-S-Transferase (GST) activity was determined as described by Habig et al. (Habig et al., [@B19]) by measuring the formation of the conjugate of glutathione (GSH) and 1-chloro-2,4-dinitrobenzene (CDNB). Briefly, 180 μ L of substrate solution (Dulbecco\'s Phosphate Buffered Saline with 200 mM L-glutathione reduced and 100 mM CDNB all from Sigma-Aldrich, Germany) were added to 20 μ L of GST standard or sample into each well of a 96-well microplate. The total enzyme activity was determined at 340 nm by recording the absorbance at every minute for 6 min, using a microplate reader (BioRad Benchmark, USA). Equine liver GST (Sigma-Aldrich, Germany) was used as standard and positive control. The change in absorbance per minute (λ A~340~) was estimated and the reaction rate at 340 nm was determined using CDNB extinction coefficient of 0.0096 μ M^−1^cm^−1^. The results are expressed in relation to total protein concentration of the sample (nmol min^1^mg^1^ total protein).

Catalase(CAT) activity was determined as previously described by Aebi (Aebi, [@B1]), which follows the decrease in absorbance at 240 nm by H~2~O~2~ consumption. Briefly, A substrate solution of 0.036% (w/w) H~2~O~2~ was prepared in buffer 50 mM KH~2~PO~4~ (Sigma-Aldrich, Germany) pH 7.0 containing 1 mM EDTA (Riedel-Haën, Germany), at 25°C using 30% (w/w) H~2~O~2~ (Sigma-Aldrich, Germany). To perform the assay, 0.1 mL of CAT standard or sample were added to 2.9 mL of the substrate solution in individual quartz cuvettes and absorbance at 240 nm was recorded every 30 s for 180 s (at 25°C, pH 7.0, and path length 10 mm), using a spectrophotometer (Unicam Helios, UK). The consumption of peroxide was monitored using a extinction coeff. 0.04 mmol^−1^cm^−1^. Bovine liver CAT (Sigma-Aldrich, Germany) was used as standard and positive control.

Lipid peroxides assay adapted from TBARS (thiobarbituric acid substances) protocol was determined by the quantification of a specific end-product of the oxidative degradation process of lipids, the malondialdehyde (MDA). In this assay thiobarbituric acid reacts with MDA to produce a fluorescent product detected spectrophotometrically at 532 nm. Briefly, samples were treated with 8.1% dodecyl sulfate sodium, 20% trichloroacetic acid (pH 3.5), thiobarbituric acid, mixture of n-butanol and pyridine (15: 1, v/v) (Correia et al., [@B10]). To quantify the lipid peroxides, MDA concentrations were calculated with the computer program Microplate Manager 4.0 (BIO-RAD, USA) based on an eight-point calibration curve (0--0.3 μM TBARS) using MDA bis(dimethylacetal) (from Merck). The enzymatic results are expressed in relation to total protein of the sample (nmol/min/mg) calculated following the procedure described by Bradford (Bradford, [@B5]) using albumin as a standard.

The histological procedures were carried out essentially according to Martoja and Martoja (Martoja and Martoja, [@B33]). Briefely, after being fixed in Bouin-Hollande\'s for 48 h, samples were washed in distilled water and dehydrated through a series of graded ethanol solutions and toluene (Lab-Scan, Belgium) for intermediate impregnation. Organs were embedded in paraffin (Panreac, Spain), cut in sections of 5 μm thickness and mounted in glass slides. Paraffin was removed from slides using xylene as solvent, followed by rehydration in a graduate series of alcohols, washing with demineralized water, then glycine (0.3 M) and staining (5 min.) with toluidine blue-O (0.5%) prepared from a solution of NaBH~4~ (1%) for further histological analysis. Staining with toluidine blue O allows quenching of auto-fluorescence and enhances the fluorescence of nano-emissive particles (Kiernan, [@B22]). The presence of emissive NPs within tissues was assessed using a Leica microscope (Leica-ATC 2000, Germany), with an image system from Leica Microsystems (DMLB model) adapted for epifluorescence and equipped with an EL6000 light source for mercury short-arc reflector lamps was used. For tissue microscope analysis I3 (blue) and N2.1 (green) filters were employed.

### Statistical analysis

The results were expressed as the mean ± SD. The statistics of enzymes activities were performed by the non-parametric test Kruskal-Wallis, with a significant level of *p* \< 0.05, using the software *Statistica* 8.0 (StatSoft Inc., USA).

Results and discussion
======================

The photosynthesis of the AgNPs was performed in a quartz cell followed by the addition of I-2959, AgCF~3~SO~3~, and the chromophore (**1**, **2**, or **3**) in a THF solution, with subsequent exposure to a UVA lamp at 365 nm. The I-2959 acts as a source of ketyl radicals, which are known to be strong reducing agents, allowing the reduction of silver ions in the presence of **(1)** 5-Aminoisoquinoline, (**2**) 7-amino-4-methylcoumarin, and **(3)** 2-Aminoanthracene (see Figure [1](#F1){ref-type="fig"}). The chosen compounds **1--3** have all their absorption spectrum in the UV region, since the lamp used for photochemical synthesis *via* irradiation was at λ = 365 nm. Moreover, all compounds present an amine group in the chemical skeleton in order to be used for surface nanoparticle attachment.

![**Above:** General synthetic pathway of the AgNPs synthesis. **Below: (A)** Absorption and emission **(B)** spectra of the AgNPs formation with time containing as additive compound **1**, in a THF solution, *T* = 298 K, λ~exc~ = 430 nm.](fchem-01-00029-g0001){#F1}

After UV irradiation at λ = 365 nm, the AgNPs with compound **1** showed a red shift from 410 to 430 nm, and an increase in absorbance at 430 nm up to 40 min after UV exposition (see Figure [1A](#F1){ref-type="fig"}). Similar behavior over time has been reported in previous studies on the nucleation of gold nanoparticles; in these works the abrupt jump in absorbance corresponds with the particle nucleation burst (Chow and Zukoski, [@B9]; Rodríguez-González et al., [@B40]). In the emission spectra, a blue shift from 550 to 521 nm was observed, as well as an enhancement in the emission intensity at 521 nm (see Figure [1B](#F1){ref-type="fig"}). The growth plot also shows a long tail in the range 550--600 nm after 30 min (see Figure [1A](#F1){ref-type="fig"}). This is most likely due to the formation of larger AgNPs aggregates. Interestingly, the maximum emission intensity observed was reached at 40 min. This matches the nucleation burst time as highlighted by the plot of absorbance as a function of time (see Figure [1A](#F1){ref-type="fig"}).

Nanoparticles stabilized with compound **2**, AgNPS@**2**, showed an increase in the absorbance detected at 420 nm up to 20 min after irradiation. However, at values up to 10 min, a new small band at 600 nm was observed, also revealing the presence of nanoparticle aggregates (see Figure [SI1A](#SM1){ref-type="supplementary-material"}). Once again, there was an emissive band at 510 nm (see Figure [SI1B](#SM1){ref-type="supplementary-material"}).

A similar behavior was obtained for AgNPs@**3**, with the appearance and increase in the absorbance at 450 nm and the emission at 490 nm. However, an exposure of longer than 10 min UV light induced nanoparticle aggregation, as only 10 min was the best time for nanoparticle formation. Overall nanoparticle formation was confirmed in this case by the greenish emission, and was also detected be the naked eye by the change from *colorless* to *yellow.* The yellow color of the dispersion is a strong indication of nanoparticle formation, because it is related to the appearance of the plasmon band in the UV region, which is characteristic of AgNPs. TEM images revealed that the AgNPs obtained were almost spherical.

Average sizes of 10 ± 1.6, 4.0 ± 0.9, and 2.8 ± 0.6 nm, were obtained from TEM images for the AgNPs with additives **1**, **2**, and **3**, respectively, (see Figure [2](#F2){ref-type="fig"}).

![**(A,D,E,G)** TEM image of AgNPs with compound **1 (A), 2 (D,E)**, and **3 (G). (B,H)** High-resolution transmition electron microscopy (HRTEM) image of AgNPs with **1 (B)** and **3 (H)**. Size histogram of nanoparticles with **1 (C), 2 (F)**, and **3 (I). (J)** MALDI-TOF MS spectra of AgNPs with compound **1** in THF without matrix.](fchem-01-00029-g0002){#F2}

AgNP stability was confirmed by the zeta potential, where the values of −40 ± 5 mV, −38 ± 4 Mv, and −50 mV ± 5 mV indicated high stability, for **1**, **2**, and **3**, respectively. Taking into account the spectral data mentioned above, it was concluded that the additive directly influences nanoparticle formation. This is most likely due to the increasing number of donor atoms, which leads to a displacement in the emission wavelength, as well as an increase in nanoparticle size.

Figures [2A--I](#F2){ref-type="fig"} shows the TEM, HRTEM and size histogram of the AgNPs synthetized in this work. The histograms were obtained from multiple TEM images such as those shown in Figure [2](#F2){ref-type="fig"}. The histograms show a small difference in size distribution, which is due to the different influence of **1** to **3** additives on the silver nanoparticle fabrication.

The particles shown in Figure [2](#F2){ref-type="fig"} are larger than the clusters reported in Maretti\'s work (Maretti et al., [@B32]). According to the literature (Liz-Marzán, [@B28]; Pompa et al., [@B37]) the collective oscillation of the electrons leads to the appearance of an absorption band, known as a plasmon band. It is well known that the plasmon absorption band does not involve the presence of an emission band, which is why in bare nanometer sized silver particles are not found in any emission band.

The question that now arises is what is the origin of the observed fluorescence in these samples? Some authors have pointed to the presence of silver clusters (Ag~*n*~, *n* = 2--8) in the samples as the main source of the emission band (Zhang et al., [@B49]; Vosch et al., [@B46]). Maretti reports that the clusters are predominantly of type Ag~2~ and are likely to be supported by larger nanometer sized particles, such as the particles shown in Figure [2](#F2){ref-type="fig"}. In our case highly emissive AgNPs were also obtained, thus, the emission could be attributed to the formation of small clusters, such as, Ag~2~, Ag~3~, and Ag~4~ attached to the nanometer sized nanoparticles shown in Figure [2](#F2){ref-type="fig"}. The joining of nanoparticles and clusters on the surface could form a very strong emission ensemble (Maretti et al., [@B32]; Rao and Pradeep, [@B39]). Due to the small size of the clusters and their relatively low stability under the electron bean, it is quite difficult to image them by HRTEM.

MALDI-TOF-MS studies
--------------------

In order to confirm the clusters hypothesis, we carried out mass spectrometry experiments to demonstrate the presence of Ag clusters in the samples. In all cases cluster formation was confirmed by MALDI-TOF MS. Peaks at 108.0, 215.2, 322.3, 970.0, 1186.0, 1401.9, 1617.7, 1833.5, 2049.3, 2265.2 m/z, corresponding to the species Ag~1~, Ag~2~, Ag~3~, Ag~9~, Ag~11~, Ag~13~, Ag~15~, Ag~17~, Ag~19~, and Ag~21~ for compound **1** (see Figure [2J](#F2){ref-type="fig"}) were found. The results also revealed that stabilizers do not affect cluster formation, where the same silver species were found for all the compounds.

### Cytotoxicological studies in goldfish

Depending on their size, AgNPs could permeate through skin and the intestine, and then be accumulated in the liver, lung, blood, kidney, and/or stomach. In order to evaluate the permeation and toxicity of nanoparticles, cytotoxicological studies were performed *in vitro* in human hepatoma cells and *in vivo* studies in goldfish (*Carassius auratus*). The studies *in vivo* were carried out by analyzing oxidative stress \[lipid peroxidation (LPO) and CAT\], phase II biotransformation of xenobiotics GST, and histological examination.

Enzymes such as GST or CAT are part of the antioxidant system responsible for the elimination of radicals and molecules produced as a consequence of oxidative stress. The GST is a family of phase II detoxification enzymes that catalyze the conjugation of glutathione (GSH) to a wide variety of endogenous and exogenous electrophilic substances, such as drugs, toxins, and products of oxidative stress, and therefore, they play an important role in preventing oxidative damage (Habig et al., [@B19]; Hayes et al., [@B20]). The results of the GST activity measured in the intestines and liver of fish treated with the AgNPs are shown in Figure [3](#F3){ref-type="fig"}. The GST levels determined in livers were higher than in the intestines. This is because liver is the major metabolic and detoxification organ in living organisms.

![**(I) GST, (II) CAT, and (III) MDA concentrations in the liver and intestine tissues of *Carassius auratus* treated with AgNPs for 48 h**. Data are presented as means ± SD. The asterisks indicate significant differences (*p* \< 0.05) in comparison to controls. A---Intraperitoneal injection of AgNPs in PBS (1:10); B---Intraperitoneal injection of AgNPs diluted in corn oil (1:10). Legend: control (a) PBS (phosphate buffer solution), control (b) a solution of PBS and THF (1:10); and control (c) a solution of PBS and corn oil (1:10).](fchem-01-00029-g0003){#F3}

The results show a general trend to increase GST activity in injected fish compared to controls. Statistical analysis of the results of GST activity in fish organs (Figure [3I](#F3){ref-type="fig"}) revealed significant differences (*p* \< 0.05) between controls, intestines and livers from fish injected with the AgNPs **3**A (diluted in PBS). For fish injected with AgNP **3**B (diluted in corn oil) significant differences were found in livers compared to controls. These results suggest that fish injected with AgNPs **3** are subjected to higher oxidative stress than when they are injected with other AgNPs.

In a different study, Chae et al. (Chae et al., [@B6]) tested two different AgNP dosages in Japanese medaka (*Oryzias latipes*) and quantified GST (as well as other markers) by measuring the mRNA concentrations in liver extracts. They found that these two AgNPs led to high toxicity thus, causing cellular and DNA damage, as well as carcinogenic and oxidative stresses. In contrast, Kwok et al. (Kwok et al., [@B23]) showed that different AgNP coatings (citrate, gum Arabic and polyvinylpyrrolidone) influence toxicity in the early life of Japanese medaka. Exposure assays showed that citrate and polyvinylpyrrolidone exhibited similar and lower toxicity, however, all the AgNPs coated were three to ten times less toxic than AgNO~3~.

The decomposition of H~2~O~2~ (Maehly and Chance, [@B31]) produced in living organisms as a consequence of oxidative stress takes place in a chemical reaction that involves CAT. CAT acts as the catalyst of the reaction. The presence of Ag (I) ions has been shown to lead to a deformation in Zebrafish embryos, as well as increase in CAT concentration (Choi et al., [@B8]). In addition, Ag (I) ions are 300 times more toxic to Zebrafish than AgNPs (Scown et al., [@B42]; Powers et al., [@B38]). On the other hand, no significant CAT response in the hepatocyte cultures of fish exposed to AgNPs was observed (Scown et al., [@B42]). In our studies no differences were found between injected fish and controls, as shown in Figure [3II](#F3){ref-type="fig"}.

LPO has been shown to cause various negative effects in terms of cellular integrity in the membranes of the cells (which may lose permeability and function) as well as other changes such as the production of pro-inflammatory agents and potentially toxic substances (Greenberg et al., [@B18]). LPO is commonly used as an indicator of oxidative stress in cells and tissues (Botsoglou et al., [@B4]). An increase in LPO in the intestine and livers was observed for the fish injected, as shown in Figure [3III](#F3){ref-type="fig"}. However, significant differences (*p* \< 0.05) were detected only in intestines and livers from fish injected with AgNPs **3**A and **3**B compared to controls. These results are generally in agreement with GST and CAT results.

Livers from all the controls showed normal histology, while livers from fish injected with AgNPs presented morphological changes varying from subtle to moderate according to the type of AgNP (e.g., tissue degeneration, chromatin condensation, pyknosis) since AgNP **3** cause larger significant changes in livers. No significant changes in tissues were detected by the histological examination of the intestines. However, other authors have found alterations in tissues or cells following exposure to AgNPs (Choi et al., [@B8]; Farmen et al., [@B16]).

In order to verify the toxicity of stabilizers **1** to **3**, analysis of oxidative stress measured by GST and CAT activities and LPO (MDA content) as indicator of cell damage were carried out. The intraperitoneal injection of 0,0075 mg/g fish weight of stabilizers **1**--**3**, diluted in PBS (1:10), from the statistical point of view do not reveal a significant increase in antioxidant enzymes activities for both organs (liver and intestine). However, a trend for antioxidant enzymes and MDA increase was observed in livers from fish injected with stabilizer 3. Thus, the results suggest that the concentrations of compounds injected present no significant toxicity to organisms (see Figure [SI2](#SM1){ref-type="supplementary-material"}).

Histological observation by epi-fluorescence microscopy showed that there is evidence of nanoparticles in intestine and liver cells, which was revealed by the presence of small fluorescent clusters (Figure [4](#F4){ref-type="fig"}) suggesting that the AgNPs had penetrated the tissues and cells.

![**(A,B)** AgNPs with compound **1** in fish intestine: green fluorescence. THF: In fish intestine **(E)** and liver **(F)**: no fluorescence visible. **(C)** AgNPs with compound **1** in fish liver: green fluorescence. **(D)** Bright field optical microscopy of liver (same spot of **C**). **(G,L)** AgNPs with compound **2** in fish liver: green fluorescence. **(I,H)** AgNPs with compounds **2** in fish intestine: green fluorescence. **(K,J)** Bright field optical microscopy of liver **(K)** and intestine **(J)** (same spot of **G** and **I**, respectively.). **(M--P,S,T)** AgNPs with compound **3** in fish liver: green fluorescence (arrows). **(Q,R)** AgNPs with **3** in fish liver: green fluorescence (arrowhead as an example). **(R)** Bright field optical microscopy of liver (same slide spot of **Q**). (^\*^) The more intense fluorescence at the external muscular layers.](fchem-01-00029-g0004){#F4}

### Dose-dependent cytotoxicity of AgNPs

The viability of HepG2 cells, after exposure to AgNPs stabilized with compounds **1**, **2**, and **3**, was examined by XTT (Cell Proliferation Assay Kit) assays. The assay measures the amount of XTT reduction by mitochondrial dehydrogenase and assumes that cell viability (corresponding to reductive activity) is proportional to the production of purple formazan which is measured spectrophotometrically. Exponentially divided HepG2 cells were treated with two concentrations (25 and 100 μg/ml) of each AgNP for 72 h, as described in the experimental section. The result from the XTT assay showed that AgNPs differ greatly in their cytotoxic properties depending on their stabilizer compound in a dose-dependent manner (Figure [5](#F5){ref-type="fig"}).

![**Dose-dependent cytotoxicity of AgNPs against HepG2 cells**. The cytotoxic effect of AgNPs against HepG2 cell line was evaluated by the XTT assay. Cell viability was evaluated after 72 h treatment with two different nanoparticle concentrations (25 and 100 μg/ml): compound **1 (A)**, compound **2 (B)** and compound **3 (C)**.](fchem-01-00029-g0005){#F5}

We found that AgNPs stabilized with compound **1** exerted a cytotoxic effect on HepG2 cells. As shown in Figure [5A](#F5){ref-type="fig"}, the viability of HepG2 cells exposed to these particles for 72 h, decreases from 73.4% at 25 μg/ml, to 50.5% at 100 μg/ml, when compared with the control (*p* \< 0.05). AgNPs stabilized with compound **3** displayed low toxicity at doses up to 100 μg/ml, showing a decrease to 68.0% in cell viability (Figure [5C](#F5){ref-type="fig"}). On the other hand, no cytotoxic effect was observed with AgNPs stabilized with compound **2** when up to 100 μg/ml concentration was assayed (Figure [5B](#F5){ref-type="fig"}).

Since certain nanoparticles have been suggested to interfere with the XTT assay, HepG2 cells were treated with AgNPs stabilized with compounds **1**, **2**, and **3** at 100 μg/ml and studied under an optical microscope after staining with trypan blue. Captured images of treated cells with AgNPs stabilized with compound **1** showed a high number of non-viable cells (see Figure [SI3C](#SM1){ref-type="supplementary-material"}). Optical images of HepG2 cell treatments with AgNPs stabilized with compounds **2** and **3** did not show significant changes when compared with control cells (Figure [SI3C](#SM1){ref-type="supplementary-material"} and Figure [SI3D](#SM1){ref-type="supplementary-material"}), in accordance with the results obtained with the XTT assay (Figure [SI3E](#SM1){ref-type="supplementary-material"}).

### Intracellular location of AgNPs

To investigate the biodistribution as well as the ability of AgNPs to enter cells, we examined HepG2-treated cells with 100 μg/ml of each AgNP for 24 h using confocal laser scanning microscopy (CLSM). Using CLSM, AgNPs could be observed directly by their reflection and green emission properties. The nucleus and the cytoplasmatic membrane were stained with DAPI and Cell Mask, respectively. Figure [6](#F6){ref-type="fig"} shows the results of *in vivo* imaging of treated cells with AgNPs stabilized with compound **3**. A merge image of all the individual channels and a three dimensional reconstruction shows the presence of individual or agglomerated nanoparticles inside the cells (indicated with white arrows). Similar results were obtained with AgNPs stabilized with compound **2**. Due to the cytotoxicity observed in AgNPs stabilized with compound **1**, it was very difficult to visualize nanoparticles in HepG2 cells when cells were treated for 24 h at 100 μg/ml of nanoparticle concentration.

![**Confocal Laser Scanning Microscopy (CLSM) *in vivo* images of internalized AgNPs (stabilized with compound 3) in HepG2 cells after 24 h of treatment at 100 μg/ml**. Confocal images obtained of a single channels of nanoparticle fluorescence (green fluorescence), nanoparticle reflection brightness (gray), nuclear stain (DAPI), and membrane stain (Cell Mask) are shown. Merge images of all individual channels (merge), three dimensional reconstruction (3D) and Z projection (Z) allows to visualize the AgNPs particles into HepG2 treated cells. White arrows indicate the location of internalized AgNPs.](fchem-01-00029-g0006){#F6}

As reported, AgNPs can cross the cell membrane via free shuttle or by damaging the membrane integrity through bonding with thiol-containing proteins (You et al., [@B48]). We demonstrate here that AgNPs stabilized with compounds **2** and **3** have the ability to penetrate HepG2 cells, while maintaining their fluorescent properties.

### Silver nanoparticle uptake by flow cytometry

To quantify the cellular uptake of AgNPs, flow cytometry analysis of HepG2 cells was performed. Figure [SI4](#SM1){ref-type="supplementary-material"} represents the flow cytometry analysis (shown as histograms of the FL1-X-Chanel or auto-fluorescence of the nanoparticles) of control cells and HepG2 cells incubated with 25 and 100 μg/ml of each AgNP (stabilized with compounds **1**, **2**, and **3**) for 24 h. Results showed an enhancement of cell fluorescence, with a dose-dependent behavior, for the three AgNPs assayed.

Conclusions {#s3}
===========

Using photosynthesized emissive AgNPs containing as additives the organic dyes 5-aminoisoquinoline (**1**), 7-amino-4-methylcoumarin (**2**), and 2-aminoanthracene (**3**), *in vivo* and *in vitro* toxicological studies were successfully performed. Regarding *in vivo* studies of oxidative stress, AgNPs with **3** caused larger changes in livers than in intestines with GST level measurements, suggesting the importance of the nanoparticle size in terms of its toxicity. In *in vitro* studies in HepG2 cancer cells, AgNPs **3** displayed less toxicity by cell viability measurements, whereas the AgNps with **1** were shown to be the most toxic. The higher oxidative stress revealed in AgNPs with **3** in *in vivo* studies by GST level, could be related to the nanoparticles and the inner-dye toxicity used as additive. These results highlight the importance of the molecules in the surrounding nanoparticles.

To date results obtained by various research groups have been very variable and depend on the type and nature of AgNPs, the concentration tested, size, route of exposure together with other factors (e.g., aggregation, dissolution) that may influence NP toxicity and difficult inter-study comparisons. For instance, there is the possibility that NP functionalization and mode of delivery influence the presence or absence of Ag (I) ions, which are known to be more toxic than AgNPs themselves.

We found that AgNPs synthesized with additives **1**, **2**, and **3** were able to penetrate tissues and fish cells, as well as HepG2 cells, and still maintained their own fluorescent properties. These results support the idea that the use of emissive AgNPS for biosciences could be an important nano-tool but safety controls need to be ensured.
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